Several strains of aerobic, acidophilic, chemo-organotrophic bacteria belonging to the genus Acidiphilium were isolated from an acid mine drainage (AMD) (pH 2.2) treatment plant. 16S rRNA gene sequence comparisons showed that most of the novel isolates formed a phylogenetically coherent group (designated Group Ia) distinguishable from any of the previously established species of the genus Acidiphilium at ,98 % similarity. This was supported by genomic DNA-DNA hybridization assays. The Group Ia isolates were characterized phenotypically by an oval cell morphology, non-motility, growth in the range pH 2.0-5.5 (optimum pH 3.5), lack of photosynthetic pigment and the presence of C 19 : 0 cyclo v8c as the main component of the cellular fatty acids and ubiquinone-10 as the major quinone. On the basis of these data, the name Acidiphilium iwatense sp. nov. is proposed to accommodate the Group Ia isolates, and the description of the genus Acidiphilium is emended. The type strain of Acidiphilium iwatense sp. nov. is MS8 T (5NBRC 107608 T 5KCTC 23505 T ).
Acid mine drainage (AMD) is an extreme environment characterized by low pH and high concentrations of metals such as iron and aluminium. These characteristic features of AMD are mainly caused by the dissolution of sulphide ores and the production of ferric iron and sulphuric acid by certain acidophilic, chemolithotrophic bacteria (Schrenk et al., 1998) . In AMD environments, Fe(II)-oxidizing, acidophilic, chemolithotrophic bacteria, such as Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans, are present as the primary producers, and chemomixotrophic and chemoorganotrophic acidophiles are also involved in the iron cycle (Dopson et al., 2004; Heinzel et al., 2009; Johnson et al., 1993; Johnson & Hallberg, 2003; Kaksonen et al., 2008; Schrenk et al. 1998) . Despite low bioavailability of organic substrates in AMD and their treatment systems, diverse acidophilic chemo-organotrophs coexist in these environments as shown by cultivation and culture-independent approaches. For example, the widespread occurrence of species of the genus Acidiphilium, representatives of acidophilic alphaproteobacteria, in AMD and other acidic environments is well documented (for reviews see Hiraishi & Imhoff, 2005; Johnson, 1998; Johnson & Hallberg, 2003) . Members of the genus Acidiphilium are characterized by their aerobic phototrophy with zinc-bacteriochlorophyll (BChl) a as the main photopigment as well as by acidophilic chemoorganotrophy (for reviews see Hiraishi & Imhoff, 2005; Hiraishi & Shimada 2001) . Light-stimulated CO 2 uptake has been demonstrated in a species of the genus Acidiphilium (Kishimoto et al., 1995a) . Enhanced growth in the presence of high concentrations of aluminium is also a characteristic feature of species of the genus Acidiphilium as well as their phylogenetic relatives species of the genus Acidocella (Wakao et al., 2002) . At the time of writing, six species of the genus Acidiphilium with validly published names, i.e. Acidiphilium acidophilum, Acidiphilium angustum, Acidiphilium cryptum, Acidiphilium multivorum, Acidiphilium organovorum and Acidiphilium rubrum, have been described (Hiraishi & Imhoff, 2005) , although Acp. angustum and Acp. rubrum may be subjective synonyms (Hiraishi et al., 1998) . We have isolated a number of acidophilic, aerobic, chemo-organotrophic bacteria from an AMD treatment plant that receives IP: 54.70.40.11
On: Wed, 17 Apr 2019 21:38:12 AMD from an abandoned mine. Here, we report a novel species of the genus Acidiphilium predominating among cultivable acidophilic chemo-organotrophs in this AMD treatment system, for which we propose the name Acidiphilium iwatense sp. nov. Along with this taxonomic proposal, we also emend the description of the genus Acidiphilium.
Mixed liquor sludge samples collected from the Matsuo AMD treatment plant (39 u 569 N 140 u 569 E), Iwate Prefecture, Japan, were used as the source of the organisms. At the time of sampling, the mixed liquor had a temperature of 23-24 u C and pH 2.3. Aerobic, acidophilic, chemo-organotrophic bacteria were recovered by the platecounting method using mineral medium RM2 (Hiraishi & Kitamura, 1984) supplemented with 10 mM glucose as the sole carbon source, 0.03 % (w/v) yeast extract as the growth factor (Hiraishi et al., 1998) (designated GYS medium, pH 3.5) and solidified with 2 % (w/v) gellan gum. After 3 weeks of incubation at 28 u C, the plates yielded an order of 10 5 to 10 6 c.f.u. ml -1 . Colonies from the plates were picked up at random and purified by repeated streaking on GYS gellan-gum plates. Fifty-five isolates thus obtained were subjected to 16S rRNA gene sequencing. 16S rRNA genes from cell lysates (Hiraishi, 1992) were PCR-amplified with bacterial universal primers 27f and 1492r or 1525r (Lane, 1991) , purified and sequenced directly using a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems) and an Applied Biosystems 3130xl genetic analyser according to the manufacturer's instructions. Sequence data were compiled with the GENETYX-MAC program (Software Developing) and compared with those of the type strains of previously described species using the Ribosomal Database Project (RDP) Classifier program (Wang et al., 2007) . Multiple alignment of sequence data and calculation of the corrected evolutionary distance (Kimura, 1980) were performed using the CLUSTAL X version 2.0 program (Larkin et al., 2007) . Phylogenetic trees were reconstructed by using neighbour-joining (Saitou & Nei, 1987) , maximum-likelihood (Felsenstein, 1981) and maximum-parsimony (Fitch, 1971 ) algorithms in the MEGA version 5.2.2 program (Tamura et al., 2011) . The topology of the tree was evaluated by bootstrapping with 1000 replicates (Felsenstein, 1985) .
By 16S rRNA gene sequence comparisons using the RDP Classifier program, the 55 isolates of aerobic, acidophilic chemo-organotrophs were classified into seven major phylogenetic groups (designated Groups I-VII) that corresponded to genera of the classes Alphaproteobacteria, Betaproteobacteria, Acidobacteria and Actinobacteria. That is, we could assign Group I (35 strains) to the genus Acidiphilium, Group II (2 strains) to the genus Acidocella, Group III (2 strains) to the genus Acidisphaera, Group IV (4 strains) to the genus Burkholderia, Group V (7 strains) to the genus 'Acidipila' (Okamura et al., 2011) , Group VI (3 strains) to the genus Acidobacterium and Group VII (2 strains) to the genus Curtobacterium (for a phylogenetic tree, see Fig. S1 available in the online Supplementary Material). A neighbour-joining phylogenetic tree focusing on the Group I isolates showed that they could be further categorized into three subgroups (designated Groups Ia, Ib and Ic) as possible genomic species of the genus Acidiphilium ( Fig. 1 ). Among these subgroups, Group Ia included the most abundant isolates (28 strains) and represents a distinct lineage within the genus Acidiphilium with Acp. acidophilum ATCC 27807 T as its nearest neighbour. Strain MS8 T , a representative of the Group Ia isolates, showed similarity levels of 97.4 % to Acp. acidophilum ATCC 27807 T , 96.9 % to Acp. angustum 35903 T /Acp. rubrum ATCC 35905 T and 95.9-96.0 % to the type strains of Acp. cryptum, Acp. multivorum and Acp. organovorum.
The Group Ia isolates were further studied for taxonomic characteristics because of their novelty and their greatest abundance among the isolates. Acp. angustum ATCC 35903 T , Acp. acidophilum ATCC 27807 T , Acp. cryptum DSM 2389 T , Acp. multivorum AIU 301 T , Acp. organovorum ATCC 43141 T and Acp. rubrum ATCC 35905 T , whose sources have been described previously (Hiraishi et al., 1998; Wakao et al. 1994) , were used as reference test organisms. For phenotypic tests, the test organisms were pre-cultured in GYS medium (pH 3.5), and all test media were incubated aerobically on a reciprocal shaker or in an air incubator at 28-30 u C. General cell morphology and motility were observed under an Olympus phase-contrast microscope, and cells negatively stained with 0.5 % phosphotungstic acid were observed under a JEOL transmission electron microscope. Utilization of organic substrates was determined in screw-capped test tubes containing mineral base RM2 (Hiraishi & Kitamura, 1984) supplemented with an organic carbon source and 0.01 % yeast extract. Effects of aluminium on growth were determined in GYS medium supplemented with 10, 50 and 100 mM Al 2 (SO 4 ) 3 as described previously (Wakao et al., 2002) . Growth coupled with reduction of Fe(III) was determined in GYS medium supplemented with 4 mM ferric pyrophosphate [Fe 4 (P 2 O 7 ) 3 ] or ferric sulphate [Fe 2 (SO 4 ) 3 ] and 20 mM NaHCO 3 . Cultivation was performed statically in 1.5 ml Eppendorf tubes filled with the medium, and the disappearance of the orange precipitate in the test tubes and the formation of a white precipitate were taken as being positive for Fe(III) reduction as described by Küsel et al. (1999) . In all growth response tests, growth was monitored by direct cell counting with SYBR Green staining and measuring the OD 660 with an Amersham-Pharmacia Novaspec Plus spectrophotometer; the final reading was taken after 2 weeks of incubation. All other phenotypic tests related to physiology and biochemistry were performed as reported previously (Hiraishi et al., 1998; Wakao et al., 1994) .
The Group Ia isolates had ovoid cells measuring 0.5-0.760.6-0.9 mm and occurring singly or in pairs ( Fig. S2 ). Cells stained Gram-negative. Neither endospore formation nor motility was observed. Colonies on GYS gellan gum plates after 7 days of incubation were circular (1-2 mm in diameter), smooth, translucent and white to cream. The isolates grew in GYS medium at 22-35 u C (optimum, 30 u C). Growth in GYS medium also occurred in the range of pH 2.0-5.5 (optimum, pH 3.5) but not at pH 6.0 or above, indicating that the Group Ia isolates are obligately acidophilic. Neither anaerobic respiratory growth with nitrate as the terminal electron acceptor nor anaerobic fermentation with glucose or pyruvate occurred. No chemolithotrophic growth with sulphide, elemental sulphur or thiosulphate as the electron donor was found. Growth on glucose and yeast extract was possible but was inhibited at concentrations of 1.0 % and 0.3 %, respectively. Growth in GYS medium was inhibited by 0.5 mM acetic acid or 0.5 mM lactic acid. Suitable carbon and energy sources for growth were monosaccharides and sugar alcohols, and none of the organic acids tested supported growth (for details, see the description of the species below). Growth of the Group Ia isolates was enhanced with increasing concentrations of Al 3+ added, as in the case in the established species of the genus Acidiphilium (Hiraishi & Imhoff, 2005; Wakao et al., 2002) . The addition of 100 mM Al 3+ to the culture medium resulted in a threefold increase in growth compared with the culture without Al 3+ .
Some strains representing the genus Acidiphilium exhibit chemo-organotrophic growth coupled with reduction of Fe(III) (Bilgin et al., 2004; Blöthe et al., 2008; Coupland & Johnson 2008; Johnson & McGinness, 1991; Küsel et al., 1999; Magnuson et al., 2010) . In this respect, we studied the Group Ia isolates for growth response to Fe(III) compared with Acp. acidophilum ATCC 27807 T , Acp. cryptum DSM 2389 T , Acp. multivorum AIU 301 T , Acp. rubrum ATCC 35905 T and the isolates of Groups Ib and Ic. They were grown semi-anaerobically in GYS medium supplemented with Fe(III) pyrophosphate or Fe(III) sulphate. During the course of incubation, the orange precipitates in the test tubes disappeared, white precipitates became visible ( Fig. S3 ) and the direct cell count as measured by epifluorescence microscopy increased in all test organisms, indicating that the Group Ia isolates as well as the other test strains of the genus Acidiphilium are capable of semi-anaerobic growth coupled with reduction of Fe(III). It has been shown that members of the genus Acidiphilium and other chemo-organotrophic, acidophilic bacteria play important roles and have synergetic relationships with chemolithotrophic Fe(II)-oxidizing bacteria in the Fe cycle in acidic environments (Johnson et al., 1993) . Probably, this may be true for the Group Ia bacteria in the AMD treatment process.
For analysis of cellular fatty acids, cells were grown in GYS medium (pH 3.5) and harvested from cultures at the late exponential phase of growth. Whole-cell fatty acids were extracted as their methyl ester derivatives, analysed by GLC and identified by TechnoSuruga Laboratory (Shizuoka, Japan) using the Sherlock Microbial Identification System (MIDI) (Sasser, 1990) . In strain MS8 T and the other three Group Ib (5) Acidiphilium iwatense MS8 T (AB561883) Group Ia (28) Strain MS-G10 (AB669477) Group Ic (2) Acidiphilium rubrum ATCC 35905 T (D30776)
Acidiphilium acidophilum ATCC 27807 T (D86511)

Acidiphilium cryptum ATCC 33463 T (D30773)
Acidiphilium multivorum AIU 301 T (AB006711) 100 100 Fig. 1 . Phylogenetic tree of the Group I (Acidiphilium) isolates (in bold type) and phylogenetically related bacteria based on 16S rRNA gene sequences. The tree was reconstructed by the neighbour-joining method. The subgroup designations and the number of isolates in parentheses are shown on the right-hand side, and the complete sequence data for the amplicons from a representative of each subgroup were incorporated into the tree. The sequence of Acetobacter aceti subsp. aceti DSM 3508 T (X74066) was used as the outgroup to root the tree. Database accession numbers are given in parentheses following the organism names. Bootstrap values (percentages) based on 1000 replications are shown at branching points. Filled circles indicate that the corresponding nodes were also recovered in trees reconstructed by using the maximum-likelihood and maximum-parsimony algorithms. Bar, 1.0 % sequence divergence (K nuc ).
strains of Group Ia, the main component of the cellular fatty acids was C 19 : 0 cyclo v8c, and C 18 : 1 v7c was the second most abundant component (Table 1) . A similar fatty acid profile with C 19 : 0 cyclo v8c predominating was obtained with Acp. acidophilum ATCC 27807 T , the nearest phylogenetic relative of the Group Ia isolates. By contrast, C 18 : 1 v7c was the main component of cellular fatty acids in the type strains of all other species of the genus Acidiphilium (Table 1 ). In addition, it is worth noting that the Group Ia strains contained C 10 : 0 3-OH, which was not detected in any of the previously described species of the genus Acidiphilium.
Isoprenoid quinones from the test organisms were extracted with an organic solvent mixture and analysed by reverse-phase HPLC and photodiode array detection (Hiraishi et al. 1996) . In the Group Ia isolates, the major quinone species was ubiquinone-10 (Q-10) (94-96 % of the total content), and Q-9 was detected as a minor component (3-5 % of the total). Neither menaquinones nor rhodoquinones were detected.
Species of the genus Acidiphilium are known as being aerobic, phototrophic bacteria with Zn-BChl a as the major photopigment, and this is a key feature in the description of species of the genus Acidiphilium (Hiraishi & Imhoff, 2005; Hiraishi & Shimada, 2001) . Therefore, we carefully examined the presence of Zn-BChl a in the isolates by HPLC as described (Hiraishi et al. 1998 ). However, our attempts to detect Zn-BChl a and Mg-BChl a in these isolates by HPLC gave negative results. Also, PCR assays targeting pufL and pufM genes (Hiraishi et al. 1998) , coding for the core pigment-protein complex of the photosynthetic reaction centre, did not detect any DNA fragment in the Group Ia isolates, contrasting with the successful detection of the puf genes in all Group Ib and Ic isolates as well as in Acp. cryptum DSM 2389 T and Acp. rubrum ATCC 35905 T used as reference strains (data not shown).
Genomic DNA from the test organisms was extracted and purified according to the method of Marmur (1961) , and the guanine plus cytosine (G+C) ratio of genomic DNA was determined by the HPLC method (Mesbah et al., 1989) . The DNA base ratio of the Group Ia isolates ranged from 62.4 to 63.0 mol% G+C. DNA-DNA hybridization studies were performed using quantitative dot-blot hybridization with the Alkphos Direct Labelling and Detection System with CDP-star (Amersham Pharmacia) according to the manufacturer's instructions and as described previously (Okamura et al. 2009 ). Strain MS8 T showed hybridization levels of .90 % to other Group Ia isolates but much lower levels to Acp. acidophilum ATCC 27807 T (35 %), Acp. cryptum DSM 2389 T (18 %), Acp. multivorum AIU 301 T (17 %) and Acp. rubrum ATCC 35905 T (15 %). These data, together with 16S rRNA-based phylogenetic information, clearly show that the Group Ia represents a novel genomic species of the genus Acidiphilium.
As reported herein, one of the most characteristic features of the Group Ia isolates is that they have neither photopigments nor the puf genes encoding the photosynthetic reaction centre proteins, while most strains of the previously described species of the genus Acidiphilium are characterized by the presence of Zn-BChl a (Hiraishi & Imhoff 2005) . Another distinct trait of our isolates is that they contain C 19 : 0 cyclo v8c as the primary fatty acid component and C 10 : 0 3-OH as one species of 3-OH acids. This contrasts strikingly with the fact that C 10 : 0 3-OH has not been found in any of the previously described species of the genus Acidiphilium and, in most cases, C 18 : 1 v7c is the predominant component of cellular fatty acids as reported herein. These results for whole-cell fatty acid profiles of species of the genus Acidiphilium are consistent with those reported previously (Kishimoto et al., 1993; Urakami et al., 1989; Wakao et al. 1994) . The Group Ia isolates can also be differentiated from all species of the genus Acidiphilium described so far by a combination of a number of phenotypic traits, such as cell shape, motility by flagella, growth response to 1 % glucose and carbon nutrition ( Table 2) . On the basis of these collective data, we propose Acidiphilium iwatense sp. nov. to accommodate the Group Ia isolates.
Emended description of the genus Acidiphilium
The description of the genus is as given previously (Hiraishi & Imhoff, 2005; Kishimoto et al., 1995b) with the following modifications. Negative or weakly positive for oxidase. Chemolithotrophic growth with elemental sulphur or thiosulphate as the energy source differs from species to species. The main component of the cellular fatty acids is C 18 : 1 v7c or C 19 : 0 cyclo v8c. The DNA G+C content is 62-68 mol% (by HPLC).
Description of Acidiphilium iwatense sp. nov.
Acidiphilium iwatense (i.wat.en9se. N.L. neut. adj. iwatense pertaining to Iwate Prefecture, Japan, where this organism was first isolated).
Cells are ovoid, measuring 0.5-0.7 mm in width and 0.6-0.9 mm in length. Non-endospore-forming and nonmotile. Gram-stain-negative. Colonies on solid media are circular, smooth, translucent and white to cream. Photosynthetic pigment is absent. The temperature range for growth is 22-35 u C (optimum, 30 u C). The pH range for growth is pH 2.0-5.5 (optimum, pH 3.5). Growth occurs in the presence of 0-3 % NaCl but not at 3.5 % NaCl. Catalase-positive and oxidase-negative. Growth is inhibited by 1 % glucose or 0.3 % yeast extract. Neither anaerobic, fermentative growth nor anaerobic, denitrifying growth occurs. Reduction of Fe(III) to Fe(II) in the presence of glucose is possible. Chemolithotrophic growth with sulphide, elemental sulphur and thiosulphate is negative. The following organic compounds are assimilated: L-arabinose, D-xylose, D-fructose, D-glucose, Dgalactose, D-mannose, D-mannitol, D-sorbitol, myo-inositol, glycerol, D-gluconate, L-alanine, L-glutamate, L-leucine, (1993) and Wakao et al. (1994) . +, Reactions and characteristics positive; 2, reactions and characteristics negative;
NA, no information available. All strains are positive for growth at pH 3.5, growth inhibition by 0.5 % yeast extract or 0.5 mM acetate, enhanced growth with 100 mM Al 3+ , reduction of Fe(III) in the presence of glucose, catalase, utilization of L-arabinose, D-xylose and D-glucose and presence of ubiquinone-10. All strains are negative for Gram staining, growth at pH 6.1, utilization of acetate and other lower fatty acids. The main component of cellular fatty acids is C 19 : 0 cyclo v8c, with C 18 : 1 v7c the second most abundant fatty acid. The major hydroxy acids are C 10 : 0 3-OH and C 18 : 0 3-OH. The major quinone is ubiquinone-10. The DNA G+C content is 62.4-63.0 mol% (by HPLC).
The type strain, MS8 T (5NBRC 107608 T 5KCTC 23505 T ), was isolated from an acid mine drainage treatment plant.
